Background: Complaints of 'food allergy' are increasing. Standardized surveys of IgE sensitization to foods are still uncommon and multicountry surveys are rare. We have assessed IgE sensitization to food-associated allergens in different regions of Europe using a common protocol. Methods: Participants from general populations aged 20-54 years in eight European centres (Zurich, Madrid, Utrecht, Lodz, Sophia, Athens, Reykjavik and Vilnius) were asked whether they had allergic symptoms associated with specific foods. Weighted samples of those with and without allergic symptoms then completed a longer questionnaire and donated serum for IgE analysis by Immuno-CAP for 24 foods, 6 aeroallergens and, by allergen microarray, for 48 individual food proteins. Results: The prevalence of IgE sensitization to foods ranged from 23.6% to 6.6%. The least common IgE sensitizations were to fish (0.2%), milk (0.8%) and egg (0.9%), and the most common were to hazelnut (9.3%), peach (7.9%) and apple (6.5%). The order of prevalence of IgE sensitization against different foods was similar in each centre and correlated with the prevalence of the pollen-associated allergens Bet v 1 and Bet v 2 (r = 0.86). IgE sensitization to plant allergen components unrelated to pollen allergens was more evenly distributed and independent of pollen IgE sensitization (r = À0.10). The most common foods containing allergens not cross-reacting with pollens were sesame, shrimp and hazelnut. Discussion: IgE sensitization to foods is common, but varies widely and is predominantly related to IgE sensitization to pollen allergens. IgE sensitization to food allergens not cross-reacting with pollens is rare and more evenly distributed.
Symptoms of food allergy are common, and hospital admissions for food allergy have been increasing in England (1, 2) and elsewhere (3, 4) . Studies of food allergy using the gold standard test, the double-blind, placebo-controlled food challenge, are difficult to undertake in the general population, and few studies have attempted this (5) (6) (7) . Studies based on the symptoms have been undertaken, and some have used standard questionnaires to enable comparisons to be made between geographical areas (8) (9) (10) (11) . Studies of IgE sensitization to foods provide more objective evidence for one determinant of food allergy, but variation in methods has made comparisons difficult (12, 13) .
The European Community Respiratory Health Survey reported that IgE sensitization to food allergens among young adults appeared to be determined by place of residence, but that the relative prevalence of IgE sensitization to different foods was similar between different sites. It also reported that the prevalence of food sensitization correlated with the geometric mean total IgE for an area, but not IgE sensitization to common aeroallergens (14) .
In this study, we report the prevalence of sensitization to foods among adults living in eight locations in Europe, selected to cover different geographical areas and extend the earlier study by examining specific allergens associated with food using customized allergen microarrays from the EuroPrevall allergen library (15) .
Methods

Sample
The methods used in the study have been reported elsewhere (16) , and the overall design is shown in Figure S1 . Eight centres were selected representing the Northern Maritime (Reykjavik), Northern (Vilnius), Central (Lodz), Balkan (Sofia), Alpine (Zurich), Mediterranean (Athens, Madrid) and Atlantic seaboard (Utrecht) regions of Europe. In each of these centres, a representative sample of 20-to 54-year-old adults was drawn from local population registers, except in Athens where random digit dialling was used.
Screening survey
From these samples, initial information was collected on allergic symptoms related to food including the type of food, the symptoms experienced and the frequency with which the symptoms had occurred. From those responding to this initial screening survey (Stage I), we selected those who reported allergic symptoms associated with any of the foods that were to be tested and, in addition, a random sample of those not reporting these symptoms. We estimated the response rate to this initial survey, where possible. The foods identified in the screening survey together with the characteristics of the complaint were summarized and potential cases of food allergy were identified. From the responses, we defined 'cases', the potentially food-allergic participants, as those with allergic symptoms in relation to any of the relevant foods. We took up to 240 cases and a random sample of 240 controls from the noncases, but oversampled these where there were fewer than 240 cases (as was the case in all centres) to increase the power of the study. We planned for 240 cases and 240 controls to have 90% power across all centres to identify an odds ratio of 2 at the 5% level of probability where the exposure of interest was present in 15% of the population. If the total number of cases and controls in the final sample was less than 100, we excluded the centre from further study.
Follow-up survey and serology
These groups were invited for further study including a more extensive questionnaire and a serum sample (Stage II). All the sera were analysed in a single laboratory using the ImmunoCAP (Thermo Fisher Scientific, Uppsala, Sweden). First the sera were tested for groups of food allergens, and if these groups were positive (sIgE ≥ 0.35 kU A /L), the individual foods in the group were analysed separately (16) . We also tested for aeroallergens (house dust mite, cat, and timothy grass, birch, Parietaria and mugwort pollens) and for total serum IgE. All sera that tested positive for at least one of the foods were further tested for specific food allergens using an allergen microarray assay (17) .
Analysis
The population prevalence of IgE sensitization was estimated as the prevalence of those with a specific IgE response to a particular food among 'cases' and 'controls' weighted back to the general population according to the sampling fraction by which these had been selected for further study. We similarly estimated the population prevalence of IgE sensitization to any aeroallergen and the geometric mean total serum IgE. The relative prevalence of IgE sensitization was estimated according to the food and the place using logistic regression, and the proportion of the total deviance in the model explained by these two variables was estimated. The distribution of IgE sensitization to different foods was plotted by food and place together with the modelled estimates, and we estimated the percentage of the deviance explained by the different parts of this model. Finally, we plotted the prevalence of IgE sensitization to any of the selected foods against the prevalence of IgE sensitization to any of the aeroallergens and the geometric mean total IgE.
For analysis of the microarray data (15), we classified the allergens into 1) plant food or latex allergens homologous with pollen allergens involved in cross-reactive responses (either PR-10 allergens or profilin), 2) 'true' plant food allergens not associated with cross-reactive responses and 3) animal-derived food allergens. (Table S1 for details) No samples were positive for the wheat (Tri a 19.0101, Tri a Gliadin) or goat (Cap h casein) allergens, and these were not considered further.
Ethical approval was given by the appropriate ethical review board in each participating centre. Response to the initial questionnaire was taken to imply consent to the questionnaire study. For the clinical studies, written informed consent was provided by all participants. Table 1 gives information on the responders to Stage I of the survey. There were only minor differences between the centres in mean age (average 37 years) or proportion of females (55%). Overall 21% reported ever having trouble associated with eating a particular food, but this varied widely from 37% in Zurich to less than 2% in Vilnius and less than 3% in Sofia. The prevalence of doctor-diagnosed food allergy was much lower at 4.4% overall with substantial variation from less than 1% in Vilnius and Sofia to over 7.5% in Zurich and Madrid. The prevalence of participants reporting reactions to priority foods ranged from less than 1% in Vilnius to almost 19% in Madrid, and the proportion of these stating that they would be willing to participate further in the study ranged from 100% in Reykjavik, Sofia and Vilnius to 34% in Athens. Table 2 gives the numbers responding to Stage I and the numbers seen in Stage II. Response rates could not be calculated for Athens as random digit dialling and quota sampling were used at that site. In Athens and Vilnius, the total number recruited to Stage II was less than 100 in each case, and they were excluded from further consideration. Table S2 compares the age and sex of the cases and controls seen at Stage II with those seen at Stage I. Differences between the stages are minimal. Table 3 gives the estimated prevalence of IgE sensitization to different foods in the different centres. Overall the highest prevalence was for hazelnut (9.3%), peach (7.9%), apple (6.6%), celery (6.2%) and carrot (6.0%), and the lowest prevalence was for egg (0.86%), milk (0.82%) and fish (0.22%).
Results
Using these data, we tested a model that predicts the prevalence of IgE sensitization to a specific food in a specific location from the average IgE sensitization to all allergens in a single location and the average IgE sensitization to a different allergen across all locations. The results are illustrated in Fig. 1 , and the detailed results are given in Tables S3 and S4 . Figure 1 shows predicted prevalence of IgE sensitization to different foods in each centre as lines and the measured values as symbols. The foods are arranged from least prevalent on the left to most prevalent on the right. There is a good fit between the model estimates and the observed prevalence, and the relative prevalence of IgE sensitization against the different foods is well preserved between the different sites, with the prevalence in Reykjavik being universally low for all foods and Zurich being universally high. The principle exception is in Madrid and Utrecht. Madrid has a lower prevalence than predicted by the model for the highly prevalent allergens, and Utrecht, by contrast, has a higher prevalence than predicted for these allergens. From the regression coefficients given in Table S3 , we can estimate that the prevalence of IgE sensitization to peach is approximately 37% (95% confidence limit: 5% to 68%) lower than that to hazelnut and that IgE sensitization to foods is approximately 73% (95% confidence limit: 64% to 81%) lower in Lodz than in Zurich. Approximately 86% of the variation in prevalence, expressed as 'deviance' in the model, is explained by the two variables 'food' and 'place' (Table S4) . Table S5 gives the prevalence of IgE sensitization to foods, aeroallergens and specific food allergens classified as crossreacting pollen allergens (PR-10 and profilin), 'true' plant food allergens and specific animal food allergens, and Table 4 gives a correlation matrix for the prevalence rates. This shows strong associations between IgE sensitization to birch pollen PR-10 and profilin allergens (Bet v 1 and Bet v 2) and Bet v 1 and Bet v 2 homologues in food (r = 0.94), any pollen (r = 0.92), any aeroallergen (r = 0.89) and any food allergen (r = 0.86), respectively. Associations were weaker with other airborne allergens (r = 0.65), total IgE (r = 0.41), any animal food (r = 0.45) or animal food allergen (r = 0.37), and any 'true' plant food allergen (r = À0.10).
Figure 2 (Table S6) gives the prevalence of IgE sensitization to the 'true' food allergens that do not cross-react with pollen allergens. Overall, the most common IgE sensitizations in this class were to sesame (1.53%), shrimp (1.46%), hazelnut (0.92%), tomato (0.52%) and peach (0.40%). The prevalence of IgE sensitization against 'true' food allergens in peanut was 0.14%. There was no evidence of any relative difference between centres in the prevalence of IgE sensitization to the different allergens in this group.
Discussion
The population prevalence of specific IgE to any of the foods studied ranged from 24% in Zurich to 7% in Reykjavik, and the relative prevalence of IgE sensitization to different foods was broadly similar between the sites.
Response rates overall were quite low in common with many recent population-based surveys, but the age-sex composition of the Stage I and Stage II samples is similar (Table  S2) , and by estimating the prevalence of IgE sensitization after weighting for the symptomatic and asymptomatic samples separately, we have probably accounted for much of the response bias. In those centres where the total number responding was less than 100, we have not tried to estimate the prevalence. A minimal sample size for estimating a reliable prevalence is arbitrary, but we have followed the common convention of not estimating a prevalence from less than a hundred observations.
Our results are similar to those of the European Community Respiratory Health Survey (ECRHS) in showing that the relative prevalence of IgE sensitization to different foods is very consistent between different sites in Europe, but differs in finding a strong association with IgE sensitization to other allergens and a weaker association with the geometric mean total IgE (14) . Analysis of data from the protein chip helps to explain and, in an important respect, modify the interpretation of these findings. The maintenance of the relative prevalence of IgE sensitization to each food from one site to another suggests that exposure to the different foods is not the rate-limiting step in determining IgE sensitization to any particular food. The microarray data show that IgE sensitization to whole food extracts is strongly associated with IgE sensitization to pollen allergens (Bet v 1 and Bet v 2), and this is partly because most plant-based foods contain allergens that cross-react with pollens, and most animal-derived foods (milk, egg and fish) are rare sensitizers in this age group. Although we cannot exclude co-sensitization, the most likely explanation for the pattern is cross-reactivity to different allergens, which are themselves distributed unevenly across Europe. The microarray data show that the 'true' plant allergens are not similarly distributed. The model presented in Fig. 1 and Tables  S2 and S3 tests how well we can predict the prevalence of IgE sensitization to a specific food in a specific location from the average prevalence of IgE sensitization to any other random food in that location and the mean prevalence of IgE sensitization to the specific food across all locations. The predicted prevalence (represented by the lines in the Figure) is close to the observed prevalence (represented by the symbols), and 86% of the variation is explained by these two variables. The only systematic deviation from the model is seen in relation to the IgE sensitization to celery, carrot, apple, peach and hazelnut, which is more common than predicted in Utrecht and less common than predicted in Madrid. This fits with the relatively low prevalence of IgE sensitization to the birch pollen allergens Bet v 1 and Bet v 2 in Madrid (6%) compared with Zurich (16%) and Utrecht (11%). IgE sensitization to 'true' food allergens not cross-reacting with pollens is relatively rare. Of the allergens tested in this group, the commonest targets of IgE antibodies were sesame, shrimp and hazelnut allergens. Fish, egg and milk were again the least prevalent sensitizers even within this group. IgE sensitization to this group of allergens seems differently distributed with low prevalence in Utrecht (with the exception of the shrimp allergen Pen a 1) and a high prevalence in Sofia. We were again unable to detect any variation in the relative prevalence of IgE sensitization to these allergens, but this could be due to small numbers.
Prevalence of IgE sensitization varies considerably between sites, confirming that some of the variation in prevalence previously reported is likely to be due to true differences between populations. The sites in the study were selected to represent variation across Europe, but were never intended to be representative of the European population, and given the wide variation seen, considerable caution needs to be exercised in estimating the overall prevalence of IgE sensitization to foods across Europe as a whole. This is the most extensive analysis of IgE sensitization to food allergens to date that includes information on individual allergens. Although this study deals solely with IgE sensitization and only a proportion of those sensitized will develop food-associated symptoms (18) , IgE sensitization and the persistence of IgE to foods are an essential first step in developing IgE-related clinical food allergy. The prevalence of IgE sensitization to foods in different regions of Europe is strongly associated with the prevalence of IgE to aeroallergens. As reported earlier (14) , IgE sensitization against egg, fish and milk was rare. IgE sensitization to all allergens was distributed in approximately the same ratio in the different sites, although we are unable to determine whether this extends to the 'true' food allergens. Among the 'true' food allergens included in the study, the most commonly identified IgE sensitizations were to sesame, shrimp and hazelnut. The rarest were again hen's egg, cow's milk and fish. IgE sensitization to non-cross-reacting peanut allergens was relatively rare at around 14/10 000. More information is required to understand this pattern more fully and to understand the relation of these findings to the distribution of clinically manifest food allergy. 
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